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ABSTRACT
The 5′-adenosine monophosphate-activated protein 
kinase (AMPK) is an energy sensor that regulates cellu-
lar metabolism. 5′-Adenosine monophosphate-activated 
protein kinase controls glucose and lipid metabolism in 
skeletal muscle, liver, and adipose tissues. The aim of 
this study was to investigate the effects of AMPK on 
glucose and lipid metabolism in dairy goat mammary 
epithelial cells. Treatment of mammary epithelial cells 
with an AMPK activator (5-aminoimidazole-4-carbox-
amide 1-β-d-ribofuranoside) dramatically increased 
glucose uptake and glucose transporter-1 mRNA 
abundance, and decreased levels of glycogen synthase 1 
mRNA. Activation of AMPK also induced an increase in 
carnitine palmitoyl transferase 1 mRNA and decreases 
in fatty acid synthase and acetyl-CoA carboxylase 1 
mRNA. These results suggest that AMPK is involved 
in the regulation of energy metabolism in dairy goat 
mammary epithelial cells.
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INTRODUCTION
Mammalian cells have sensory systems that detect 
energy and metabolic status and adjust flux through 
metabolic pathways. 5′-Adenosine monophosphate-
activated protein kinase (AMPK) is a sensor of cel-
lular energy status, and is involved in regulating energy 
homeostasis at both the whole-body and cellular levels. 
5′-Adenosine monophosphate-activated protein kinase is 
activated in times of reduced energy availability (i.e., at 
high cellular adenosine monophosphate:ATP ratios) and 
serves to stimulate catabolic processes and inhibit ana-
bolic processes (Kyriakis, 2003). An adenosine analog, 
5-aminoimidazole-4-carboxamide 1-β-d-ribofuranoside 
(AICAR), can stimulate AMPK activity (Sullivan et 
al., 1994; Kaushik et al., 2001).
5′-Adenosine monophosphate-activated protein ki-
nase is a heterotrimer comprising 1 catalytic (α) and 
2 regulatory subunits (β and γ). Genes encoding the 
subunits of the AMPK complex can be recognized in all 
eukaryotes for which genome sequences have been com-
pleted, including fungi and plants, and animals ranging 
from the primitive protozoon Giardia lamblia to humans 
(Hardie et al., 2003). A previous study has shown that 
AMPK is expressed in bovine mammary epithelial cells 
(McFadden and Corl, 2009). However, little is known 
about the role of AMPK in the regulation of energy 
metabolism in mammary epithelial cells.
Our laboratory studies have shown that the expres-
sion of AMPKα2 and AMPKβ1 mRNA increased dur-
ing pregnancy and lactation in dairy goat mammary 
glands, which indicates that AMPK-signaling path-
ways may regulate energy metabolism in these tissues 
(Zhang et al., 2009). The aim of the present study was 
to evaluate the effect of AMPK activation on energy 
metabolism in dairy goat mammary epithelial cells. In 
addition, we investigated changes in the expression of 
genes involved in glucose and lipid metabolism in dairy 
goat mammary epithelial cells.
MATERIALS AND METHODS
Cell Preparation and Treatments
Reagents were purchased from Sigma-Aldrich 
(Oakville, ON, Canada) unless otherwise stated. Dul-
becco’s modified Eagle’s medium (DMEM)/Ham’s 
F-12 nutrient base mixture was from Gibco-BRL (Life 
Technologies, Burlington, ON, Canada). Procedures 
involving animals were approved by the Animal Care 
Committee of the University of Northeast Agricul-
tural University. Mammary tissue (2 g) was collected 
at slaughter from 3 lactating dairy goats (at 35 DIM). 
The tissue was placed in a 50-mL triangular flask 
with D-Hanks’ balanced salt solution (D-HBSS; pH 
7.4) and transferred to the laboratory. The tissue was 
then chopped finely and incubated at 37°C in 10 mL 
of digestion medium/g of tissue; the digestion medium 
contained 9 mL of DMEM/Ham’s F-12 base, 0.5 mL 
of fetal bovine serum, 400 U/mL of collagenase (crude, 
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type IA), and 0.5 mL of antibiotics (100 kU/mL of 
penicillin, 100 kU/mL of streptomycin). The digest was 
shaken gently for 4 h. The digested tissue was filtered, 
and the filtrate was centrifuged at 1,200 × g for 8 min 
for collection of epithelial cells. Adipocytes and fibro-
blasts suspended in the supernatant were discarded. 
The pelleted cells were collected by centrifugation and 
washed 4 times in D-HBSS. After the final wash, cell 
pellets were resuspended in 5 mL of DMEM/Ham’s 
F-12 complete culture medium consisting of DMEM/
Ham’s F-12 base supplemented with 10% fetal bovine 
serum and antibiotics (10 kU/mL of penicillin, 10 mg/
mL of streptomycin. Cells were seeded in cell culture 
bottles and cultured at 37°C in 5% CO2. Cells were cul-
tured in basal media with hormones for 24 h and then 
treatments were applied. Cells were treated with the 
AMPK agonist AICAR for 15, 30, or 60 min. D-Hanks’ 
balanced salt solution served as the control.
Relative Real-Time PCR
RNA Extraction and cDNA Synthesis. Total 
RNA was extracted from cultured cells with TRIzol 
reagent (Invitrogen, Carlsbad, CA). The concentra-
tion of the extracted total RNA was quantified with a 
spectrophotometer. The RNA integrity was evaluated 
by the observation of 18S and 28S ribosomal bands 
after formaldehyde gel electrophoresis in the presence 
of ethidium bromide. The cDNA was synthesized from 
2 μL of RNA with arbitrary primers and PrimeScrip 
RTase (TaKaRa, Tokyo, Japan) at 37°C for 15 min, and 
then 85°C for 5 s.
Primer Design and Relative Real-Time PCR. 
Real-time PCR and analysis were performed in a total 
volume of 20 μL using 96-well microwell plates and an 
ABI PRISM 7300 real-time PCR system (Applied Bio-
systems, Foster City, CA). β-Actin (ACTB) was used 
as the reference gene. The oligonucleotide sequences of 
forward primers and reverse primers for the genes were 





GAA, 5′-GCGACACGACAGTGAAGGCT; glycogen 
synthase 1 (GYS1): 5′-ATGAGCCTTGGGGCTACA-
CAC, 5′-GGTCTGCGATGTGTTCCTCCA; ACTB: 
5′-CACTGGCATTGTCATGGACTCTG, 5′-CCTT-
GATGTCACGGACGATTTC; carnitine palmitoyl-
transferase 1 (CPT1): 5′-AAGGACCTCTACGCCAA-
CACG, 5′-TTTGCGGTGGACGATGGAG; acetyl-CoA 
carboxylase-1 (ACC1): 5′-CGGGGAGATCCTGAA-
CAACT, 5′-CTGCCATGAACGATGACAACC; fatty 
acid synthase (FAS): 5′-GGCAGATGATGCGGGA-
GAA, 5′-GCGACACGACAGTGAAGGCT. Two-step 
real-time PCR reactions were performed at 95°C for 10 
s, followed by 40 cycles at 95°C for 5 s and 60°C for 31 
s. Real-time PCR analysis was performed by the 2-ΔΔCT 
method (Livak and Schmittgen, 2001).
AMPK Assay
The preparation of samples for the AMPK assay fol-
lowed the procedure described by Carlson and Winder 
(1999). Dairy goat mammary epithelial cells were com-
pletely lifted from the culture bottle bottom by trypsin 
digestion and then collected by centrifugation at 1,200 
× g for 8 min. The cells were suspended in a buffer 
containing (in mM) 200 mannitol, 50 NaF, 10 Tris, 1 
EDTA, 10 β-mercaptoethanol at pH 7.5, and proteolytic 
enzyme inhibitors (10 mL/L of aprotinin, 10 mg/L of 
leupeptin, and 10 mg/L of antitrypsin).
5′-Adenosine monophosphate-activated protein ki-
nase was released from the mammary epithelial cells 
by ultrasonic cell disruption while on ice. The cell 
homogenates was immediately centrifuged at 48,000 × 
g for 30 min. 5′-Adenosine monophosphate-activated 
protein kinase was precipitated from the supernatant 
by the addition of 144 mg of ammonium sulfate/mL 
and stirred on ice for 30 min. The precipitate was then 
collected by centrifugation at 48,000 × g for 30 min. 
The pellet was dissolved in 10% of the original volume 
of homogenate buffer and centrifuged again to remove 
insoluble protein. The supernatant was stored at −70°C 
and later used for determination of AMPK activity.
Activity of AMPK was determined by using the 
SAMS peptide (15-AA peptide substrate) and the pro-
cedure described by Winder and Hardie (1996)
Glucose Levels Assay
Glucose levels in cells were determined by glucose as-
say kit (BioVision Research Products, Mountain View, 
CA). The cells were collected by trypsin digestion and 
centrifugation and washed 3 times in D-HBSS. After 
the final wash, cell pellets were resuspended in 1 mL 
of D-HBSS. Glucose was released from the mammary 
epithelial cells by ultrasonic cell disruption while on ice. 
The absorbance was measured with a microplate reader 
at 570 nm.
Statistical Analysis
All values were expressed as means ± standard error. 
Data were normalized by log-transformation and was 
tested by 1-way ANOVA using SPSS software (SPSS 
Inc., Chicago, IL). Because a significant (P < 0.01) 
effect of the physiological state was shown, the differ-
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ences between test and control groups were tested using 
a least significant difference test.
RESULTS
Effects of Increases in AMPK Activity on the 
Abundance of GLUT1 mRNA and GYS1 mRNA  
and Glucose Uptake in Mammary Epithelial Cells
5-Aminoimidazole-4-carboxamide 1-β-d-
ribofuranoside was the AMPK activator. Figure 1A 
shows AMPK activity, in the absence or presence of 
200 μM AICAR. 5-Aminoimidazole-4-carboxamide 
1-β-d-ribofuranoside caused 25, 45, and 96% increases 
in AMPK activity in mammary epithelial cells after 15, 
30, and 60 min of treatment, respectively, compared 
with controls (P < 0.05, P < 0.01, P < 0.01). The 
results showed that AMPK activity was significantly 
increased by the AICAR treatment in mammary epi-
thelial cells.
As shown in Figure 1B, GLUT1 mRNA abundance in 
mammary epithelial cells increased by 20% and 28% af-
ter 30 and 60 min of treatment, respectively, compared 
with controls (P < 0.01, P < 0.01). However, compared 
with the control, no significant difference was observed 
in GLUT1 mRNA abundance in mammary epithelial 
cells at 15 min posttreatment. However, a significant 
increase in glucose levels in mammary epithelial cells 
was observed 15, 30, and 60 min posttreatment; glu-
cose levels increased by 20, 40, and 70%, respectively 
(P < 0.01, P < 0.01, P < 0.01; Figure 1C). These 
results demonstrate that glucose uptake increased after 
AICAR treatment in mammary epithelial cells.
Glycogen synthase 1 (GYS1) is a key enzyme in gly-
cogenesis. As shown in Figure 1D, GYS1 mRNA abun-
dance in mammary epithelial cells, compared with that 
of the control, significantly decreased by 32, 48, and 
60% at 15, 30, and 60 min of treatment, respectively (P 
< 0.01, P < 0.01, P < 0.01). Thus, it was shown that 
enhanced AMPK activity in mammary epithelial cells 
induced a decrease of GYS1 mRNA expression.
Effects of Increases in AMPK Activity on the 
Abundance of CPT1 mRNA, FAS mRNA,  
and ACC1 mRNA in Mammary Epithelial Cells
Carnitine palmitoyltransferase 1 mediates the trans-
port of long-chain fatty acids across the membrane by 
binding them to carnitine. As shown in Figure 2A, 
AICAR treatment induced 19, 29, and 42% significant 
increases in CPT1 mRNA in mammary epithelial cells 
cultured for 15, 30, and 60 min, respectively (P < 0.01, 
P < 0.01, P < 0.01).
Fatty acid synthase is a key enzyme in fatty acid 
synthesis. As shown in Figure 2B, FAS mRNA content 
in response to AICAR treatment was measured from 
mammary epithelial cells cultured for 15, 30, and 60 
min. Fatty acid synthase mRNA at 30 and 60 min was 
decreased by 32 and 47%, respectively, compared with 
controls (P < 0.01, P < 0.01). However, no significant 
difference was observed in FAS mRNA expression at 15 
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Figure 1. Effects of 5-aminoimidazole-4-carboxamide 1-β-d-
ribofuranoside treatment on (A) 5′-adenosine monophosphate-ac-
tivated protein kinase (AMPK) activity; (B) glucose transporter-1 
(GLUT1)/β-actin (ACTB) mRNA expression; (C) glucose uptake; 
and (D) glycogen synthase 1 (GYS1) mRNA expression in dairy goat 
mammary epithelial cells. Values are means ± SEM (n = 6 per group). 
*,**Indicate significant differences from values obtained in the control 
group at P < 0.05 and P < 0.01, respectively.
min between test and control groups (P > 0.05, Figure 
2B).
Acetyl-CoA carboxylase-1, which converts acetyl-
CoA to malonyl-CoA, is the committed step of the 
fatty acid synthesis pathway. Acetyl-CoA carboxylase-1 
mRNA content in mammary epithelial cells, compared 
with that of the control, increased by 34 and 40% at 
30 and 60 min after AICAR treatment, respectively (P 
< 0.01, P < 0.01, Figure 2C). However, ACC1 mRNA 
content was not affected after AICAR treatment for 15 
min compared with control (P > 0.05, Figure 2C).
DISCUSSION
5′-Adenosine monophosphate-activated protein ki-
nase is activated by a decrease in energy charge in cells 
and subsequently acts to increase catabolic reactions 
and decrease anabolic reactions. In the present study, 
effects of AMPK activation on the expression of genes 
involved in glucose and lipid metabolism was investi-
gated in dairy goat mammary epithelial cells. Earlier 
work showed that AMPK activation modifies lipogenic 
mRNA abundance in bovine mammary epithelial cells 
(McFadden and Corl, 2009). In this work, we demon-
strate 2 points: first, that AMPK activation promoted 
glucose uptake, increased GLUT1 mRNA abundance, 
and decreased GYS1 mRNA abundance in cultured 
mammary epithelial cells, and second, AMPK activa-
tion increased CPT1 mRNA abundance and decreased 
FAS and ACC1 mRNA abundance in cultured mam-
mary epithelial cells.
Activation of AMPK Affects GLUT1 and GYS1  
mRNA Abundance and Glucose Uptake
Activation of AMPK can regulate glucose me-
tabolism. The results of this experiment showed that 
glucose levels were increased by AICAR in cultured 
mammary epithelial cells. It has been demonstrated 
in previous studies that the activation of AMPK by 
AICAR was associated with an increased glucose trans-
port in skeletal and heart muscles (Hayashi et al., 1998; 
Kurth-Kraczek et al., 1999; Russell et al., 1999). Mu 
et al. (2001) reported that expression of the dominant 
negative mutant of AMPK in mouse muscle completely 
abolished AICAR-stimulated glucose transport. This 
finding showed that AICAR-stimulated glucose trans-
port, at least in skeletal muscle, was indeed mediated 
by AMPK. However, signaling events upstream and 
downstream of AMPK in the upregulation of glucose 
transport is unknown. Mammary glands cannot syn-
thesize glucose from other precursors due to the lack of 
glucose-6-phosphatase (Kronfeld 1982). An increase in 
glucose levels was caused by an increase in glucose up-
take. It has therefore been speculated that an increase 
in glucose uptake was associated with the activation of 
AMPK.
Glucose transporter-1 is the main glucose transporter 
in mammary epithelial cells. After 30 and 60 min of 
treatment, GLUT1 mRNA abundance was increased, 
indicating that the increase in glucose uptake may have 
been due to an increase in GLUT1 expression. Several 
potential mechanisms have been proposed to explain 
the stimulation of GLUT1-mediated glucose transport. 
These mechanisms include homooligomerization of 
GLUT1, an increase in the intrinsic catalytic turnover 
of the transporter, dissociation or association of regu-
lating proteins, posttranslational modification of the 
transporter, and translocation of the transporter from 
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Figure 2. Effects of 5-aminoimidazole-4-carboxamide 1-β-d-
ribofuranoside treatment on (A) carnitine palmitoyltransferase 1 
(CPT1) mRNA expression; (B) fatty acid synthase (FAS)/β-actin 
(ACTB) mRNA expression; (C) and acetyl-CoA carboxylase-1 (ACC1) 
mRNA expression in dairy goat mammary epithelial cells. Values are 
means ± SEM (n = 6 per group). **Indicates significant differences 
from values obtained in the control group at levels of P < 0.01.
intracellular sites to the plasma membrane (Hebert 
and Carruthers, 1992; Ismail-Beigi, 1993; Barnes et al., 
2002). However, strong evidence for any of the above 
(and other) proposals is currently lacking.
The results showed that GYS1 mRNA abundance 
was decreased by AMPK activation. 5′-Adenosine 
monophosphate-activated protein kinase negatively 
regulates glycogen synthase. Mammary glands from 
lactating mice synthesized considerably less glycogen 
than did those from nonlactating mice. Therefore, 
AMPK may be involved in the regulation of glycogen 
synthesis.
Activation of AMPK Affects CPT1, FAS,  
and ACC1 mRNA Abundance
Activation of AMPK can regulate lipid metabolism. 
In the present study, AICAR treatment significantly 
decreased FAS and ACC1 mRNA and increased CPT1 
mRNA in mammary epithelial cells. Activation of 
AMPK is known to phosphorylate ACC, thereby re-
ducing its activity. The inhibition of FAS expression 
by AMPK activation was previously reported in pri-
mary cultured hepatocytes (Foretz et al., 1998; Leclerc 
et al., 1998; Woods et al., 2000). Furthermore, earlier 
work showed that AMPK activation modifies lipogenic 
mRNA abundance in bovine mammary epithelial cells 
(McFadden and Corl, 2009). Upregulation of CPT I 
mRNA abundance in turn suppresses the expression of 
ACC1 and FAS mRNA, resulting in activation of fatty 
acid oxidation. However, the role of AMPK in regula-
tion of mRNA abundance is still unclear.
In conclusion, the present study showed that acti-
vation of AMPK regulates the expression of genes 
involved in glucose and lipid metabolism in dairy goat 
mammary epithelial cells. We conclude that AMPK is 
able to regulate glucose and lipid metabolism in dairy 
goat mammary epithelial cells.
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